Zika virus (ZIKV) has been identified as a cause of adverse outcomes of pregnancy, including microcephaly and other congenital diseases. Most people infected with ZIKV do not show any symptoms. Development of a method to discriminate dengue virus (DENV) and ZIKV infections has been challenging, and efficient assays for patient management are limited, attributable to high levels of cross-reactivity among co-circulating Flaviviruses. Thus, there is an urgent need for a specific high-throughput diagnostic assay to discriminate ZIKV infections from other Flavivirus infections. Methods: A novel epitope peptide of the ZIKV envelope protein was predicted using three immune epitope database analysis tools and then further modified. A molecular docking study was conducted using three-dimensional structures of the ZIKV envelope and peptide. Experimentally, interactions between the selected peptides and virus were assessed via a fluorescence-linked sandwich immunosorbent assay (FLISA), and performance of peptide-linked sandwich FLISA was evaluated in virus-spiked human serum and urine. Results: The Z_10.8 peptide (KRAVVSCAEA) was predicted to be a suitable detector, with a higher binding affinity than other candidates based on four criteria (binding affinity, root mean square deviation, position of amine residue of lysine at the N-terminus, and interactive site) in a docking study. Z_10.8 was significantly more efficient at detecting ZIKV than the other two peptides, as shown in the direct FLISA (P < 0.001). Further, the equilibrium dissociation constant (K d ) for the Z_10.8 peptide was 706.0 ± 177.9 (mean ± SD, nM), with specificity to discriminate ZIKV from DENV. The limit of detection for the sandwich FLISA was calculated as 1×10 4 tissue culture infective dose (TCID) 50 /mL. The presence of serum or urine did not interfere with the performance of the Z_10.8-linked sandwich FLISA. Conclusion: Four criteria are suggested for the development of an in silico modeled peptide aptamer; this computerized peptide aptamer discriminated ZIKV from DENV via immunoassay.
Introduction
The Zika virus (ZIKV) belongs to the Flavivirus genus of the Flaviviridae family [1] and is similar to the four serotypes of the dengue virus (DENV), with approximately 43% amino acid identity across the viral polyprotein [2] . ZIKV and DENV infectious diseases are currently major global health threats [3] , causing similar initial nonspecific symptoms such as systemic febrile illness, but resulting in drastically different potential complications. Infection with DENV can result in life-threatening dengue hemorrhagic fever or dengue shock syndrome [4] , whereas ZIKV infection is associated with microcephaly in newborns [5] . Development of a method to discriminate DENV and ZIKV infections Ivyspring International Publisher has been challenging, and efficient assays for patient management are limited [6] .
ZIKV infections are asymptomatic in up to 80% of cases [7] ; therefore, blood donors may not be aware of their infection. Viral load during ZIKV infections has previously been reported in plasma and urine samples of asymptomatic blood donors [8, 9] . In August of 2016, the Food and Drug Administration (FDA) issued revised guidance recommending blood centers in all states and U.S. territories to use a blood test to screen individual units of donated whole blood and blood components for ZIKV [10] . Further, the American Red Cross has mandated blood screening for ZIKV via nucleic acid testing (NAT) and serology testing [11] . NAT can reduce the risk of transfusion-transmitted infections [12] ; however, a serological assay is needed in NAT-negative samples, attributable to a transient viremia period [6] . Serological assays for the Flaviviridae family in general, and for DENV and ZIKV in particular, are compromised by the high degree of similarities in their proteins, which can lead to cross-reacting antibodies and false-positive test results [13] . Monoclonal antibodies (mAbs) that recognize specific epitopes on ZIKV antigens are required to develop antigen detection assays [14] . Therefore, development of a sensitive and specific diagnostic method may overcome the problems of the currently used blood screening methods.
For efficient ZIKV-specific diagnostic testing, conventional or mAbs requiring hybridoma technology have limitations, including time requirements for animal immunizations, high cost, immunogenicity, and lack of stability [15] . In this context, aptamers derived from nucleic acid ligands have shown numerous advantages [16] , and an oligonucleotide has been used to detect the ZIKV NS1 antigen [17] ; however, it was only used with a semi pair of aptamer and antibody rather than a pair of aptamers. While oligonucleotide aptamers are diverse and highly sensitive, they are rapidly degraded by nucleases [18] . Modifications can increase the stability of nucleotide aptamers; however, they add to the cost. As an alternative to a DNA aptamer, peptides provide a powerful approach via a peptide-protein interaction (PPI) interface [19] . Charged amino acid residues are often significant contributors to the free energy of binding for PPIs, including antibody-antigen binding and ligand-receptor binding [20] .
Previously, we identified an epitope-derived peptide conjugate that was used to detect influenza virus in an immunoassay [21] . In this study, a novel peptide sequence from the ZIKV epitope pool was developed using in silico modeling tools.
Methods

Reagents
Taq polymerase chain reaction (PCR) reagents were acquired from Takara (Kyoto, Japan), and the pET21b (+) plasmid was purchased from Novagen (Birmingham, United Kingdom). Peptides were synthesized by PepTron Inc. (Daejeon, South Korea). P (S/V-COOH) Europium nanoparticle (Eu NP) beads (0.1 µm) were purchased from Bangs Laboratories Inc. (Fishers, IN, USA) . N-(3-Dimethylaminopropyl)-Nethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (NHS), and N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) were acquired from Thermo Scientific (Waltham, MA, USA). Recombinant antigen and mAbs (1A5 and 1G8) were developed and are described in Supplementary Material ( Figure S1 ).
Virus culture
ZIKV and DENV serotype 2 (DENV2) were maintained in C6/36 cells, and chikungunya virus (CHIKV) was grown in Vero cells as previously described [22] [23] [24] .
Design of peptides
ZIKV-specific peptide candidates were designed against the ZIKV envelope using epitope prediction tools, including ABCpred [25] , BCPreds [26] , and Bepipred [27] . Three-dimensional (3D) structures of the ZIKV envelope and peptide were generated using an I-tasser server [28] . Binding ability of the epitopes was analyzed using AutoDock Vina in the PyRx virtual screening tool [29, 30] .
Peptides with binding energy values lower than -6.5 (kcal/mol) were chosen [31] and modified to increase sensitivity to the ZIKV envelope protein and decrease sensitivity to the DENV envelope protein.
Conjugation of Eu NPs
Conjugation of Eu NPs was conducted as previously described [21] . Antibody and peptides were conjugated with 10 µL Eu NPs based on the carboxylate amine condensation method in 500 µL 2-(N-morpholino)ethanesulfonic acid buffer (MES, 0.05 M, pH 6.1), including 13 µL 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 5 mM) and 100 µL N-hydroxysuccinimide (NHS, 50 mM). After 1 h, the mixture was centrifuged at 27,237 × g for 5 min to remove all non-reacted components. The activated Eu-NPs were then incubated with 45 µL mAbs (1G8, 1 mg/mL) or 60 µL peptide (50 μM). Reactions were performed in 0.1 M sodium phosphate (470 µL, pH 8.0) for 2 h at 25 °C. After washing with storage buffer containing 1% bovine serum albumin (BSA) and 2 mM borax (pH 9.0), the reactions were stored in 200 µL storage buffer at 4 °C.
Direct fluorescent-linked immunosorbent assay (FLISA)
The functionality of candidate peptides was checked by FLISA. Black 96-well plates were coated with ZIKV (10 5 tissue culture infective dose [TCID] 50 /mL) or envelope antigen at 4 °C overnight. After washing 3 times with phosphate-buffered saline containing Tween 20 (PBS-T), Eu-NP-conjugated peptides (150 nM peptide) and 1G8 antibodies (150 nM antibodies) were applied to the plates at 37 °C for 1 h. Fluorescence was measured in the presence of PBS using an Infinite F200 microplate reader system (TECAN, Männedorf, Switzerland) (excitation 355 nm/emission 612 nm).
Kinetic dissociation measurements
Black 96-well plates coated with peptide (1 μg/well) were incubated at 4 °C overnight. Blocking buffer containing 5% non-fat milk was applied for 2 h. After washing with PBS-T, plates were treated with ZIKV (10 4 TCID 50 /mL) and DENV2 (10 4 TCID 50 /mL) and incubated for 1 h. Eu-NP-conjugated peptides (1,500 nM) and 1G8 antibody (1,500 nM) were diluted 2-fold to make serial dilutions from 2 -1 to 2 -7 ; diluents were then applied to the plates at 37 °C for 1 h. Fluorescence was measured using an Infinite F200 microplate reader. Equilibrium dissociation constants (K d ) were obtained by fitting fluorescence data directly using a nonlinear analysis [32] .
Sandwich FLISA
Peptides (10 μg/mL) and mAbs (10 μg/mL) were coated on 96-black well plates and then incubated overnight at 4 °C. The plates were then washed with PBS-T, blocked with 5% non-fat milk at 37 °C for 2 h, and then washed three times with PBS-T. The different virus titers were incubated for 1 h at 37 °C. Subsequently, the plates were washed 3 times and a dilution of Eu-NP-conjugated peptides (150 nM) or 1G8 (150 nM) was added; the plates were then incubated at 37 °C for 1 h. After stringent washing with PBS-T five times, 100 μL PBS was added to each well. Fluorescence was measured with an Infinite F200 microplate reader.
Real-time reverse transcription PCR (rRT-PCR)
Primers and probe used for ZIKA envelope gene were designed using Primer Express software (Integrated DNA Technologies, Inc. IL, USA). The probe (5'-CCAGCATAGCGGGATGATTGTCAA-3') was labeled with fluorescein (FAM) at the 5′ terminus and with blackhole quencher 1 (BHQ1) at the 3′ terminus. The forward primer was 5'-TAAGAAG ATGACCGGGAAGA-3', and the reverse primer was 5'-TTCCGCTCTTGGTGAATGGAG-3'. rRT-PCR was performed using a Quantitect Probe RT-PCR kit (QIAGEN, Hilden, Germany) to determine cycle threshold (Ct) values in a 20-mL total volume that included 500 nM each of the final concentration of primers and probe. Cycling conditions used for the rRT-PCR were 50 °C for 30 min and 95 °C for 15 min, followed by 40 cycles of 95 °C for 15 s and 56 °C for 60 s. Fluorescence data were collected during the 56 °C annealing/elongation step. The template was generated in plasmid pGEM-T Easy (Promega, Madison, WI, USA), including a 166-base pair (bp) envelope insert for the standard RNA copy number. We used a RiboMax (Promega, Madison, WI, USA) kit for in vitro transcription of envelope RNA to determine the RNA copy number for the FLISA limit of detection (LOD, 1 × 10 4 TCID 50 /mL). The standard curve was calculated automatically by plotting the Ct values against each standard of known RNA copies and extrapolating the linear regression line of this curve. The PCR products were analyzed in agarose gels (2%).
Ethical considerations
The study was approved by the Wonkwang University Hospital Institutional Review Board (Approval No. WKIRB-201603-BR-015). Negative specimens were collected at the Wonkwang University Hospital. All patients agreed to participate in the study, and informed consents were processed before taking specimens. All experiments and methods were performed in accordance with relevant guidelines and regulations. Viruses were spiked in a negative human specimen to evaluate assay performance.
Data availability
The datasets generated during the current study are available from the corresponding author on reasonable request.
Statistical analysis
Data (n = 3) are shown as means ± standard deviation (SD) using one-way analysis of variance (ANOVA). All analyses were conducted using GraphPad Prism 5.0 software. All experiments were conducted in three different batches, and each batch was conducted in triplicate. 
Results
Peptide candidates identified using bioinformatics tools
Figure 1 displays a schematic of the peptide design. Peptide aptamers usually consist of short, 5-20 amino acid sequences that are typically embedded as a loop within a stable protein scaffold [33] . In this study, the epitope peptide length was randomly assigned as 12 (median number between 5 and 20 amino acids). Peptides shorter than five or larger than 25 amino acids were removed, as peptide aptamers are rarely outside these boundaries [33] ( Figure 1A) . ABCpred, BCPreds server 1.0, and IEDB-BepiPred predicted 21 (threshold: 0.7), 16 (specificity: 75%), and 8 (threshold 0.5) linear epitopes, respectively. Thresholds were defined as described previously [25] [26] [27] (Table 1) . Common epitopes found by at least 2 different tools were considered potential epitopes; therefore, only 25 sequences were selected for further virtual screening ( Figure 1B) . Virtual screening using Autodok Vina was conducted to determine binding energies below -6.5 kcal/mol and root-mean-square deviations (RMSD) below 10 Å in the first screening. In this study, KRQTVVVLGS (Z_10) was selected as the template peptide for further modification ( Figure 1C) ; this sequence was conserved in ZIKV species among the Flavivirus genus ( Figure S2 ).
To design a better peptide to discriminate DENV, the template peptide Z_10 (KRQTVVVLGS) was mutated at several amino acids. There were 11 modifications of the Z_10 sequence that predicted different binding energies ( Figure 1D ). Based on both binding affinity and RMSD, KRAVVSCAEA (Z_10.8) showed lower energy, satisfying the higher binding affinity requirements. Docking status of the amine residue of lysine (K) at the N-terminal was considered as an additional criterion, attributable to the moiety of conjugation with fluorescent material being relatively bulky, with the ability to interfere with interactions of the fluorescent conjugate with proteins. As a last criterion, interactive sites were considered, as it was hard to access the transmembrane domain (TM) ( Figure 1E ). In this context, the Z_10.8 modes were not predicted to involve the TM. Z_10.8 was experimentally evaluated as an aptamer to determine diagnostic performance via conjugation with Eu NPs ( Figure 1F ). Figure 2 indicates the position of 25 peptides on the ZIKV envelope protein.
Docking studies for modeling ZIKV envelope protein and peptide complexes
Among 45 linear epitopes containing 10 to 24 amino acids, 25 peptide epitopes were found using at least two tools and were chosen for further docking studies; these were virtually screened using PyRx with the full ZIKV envelope protein (GenBank accession #: YP_009227198.1) and DENV2 envelope protein (GenBank accession #: AHG97600.1). The protein data bank (PDB) file of each protein was modeled using the I-TASSER server, with a 3D structure of each peptide. Two epitope sequences (Z_1 and Z_10) out of 25 peptides satisfied the two criteria of a binding energy lower than -6.5 kcal/mol and a RMSD lower than 10 Å. The Z_10 peptide had a lower binding energy with the ZIKV envelope protein (-6.522 ± 0.15, mean ± SD, kcal/mol) than the Z_1 peptide (-6.511 ± 0.11, mean ± SD) ( Figure 3A ). Binding energy of the Z_10 peptide with the DENV envelope was higher than -6.5 kcal/mol, having a binding energy of -6.222 ± 0.12 (mean ± SD, kcal/mol). RMSDs (mean) of the two peptides were below 10 Å in the ZIKV envelope protein. Using these two criteria (binding energy and RMSD), Z_10 was shown to be more sensitive than Z_1. Therefore, Z_10 was chosen as a template to further modify the sequence.
To increase the binding affinity and decrease the RMSD of Z_10 (KRQVVVLGS) against the ZIKV envelope, 11 peptides were derived from Z_10 by modulating its sequence and then modeled. Table S1 shows docking of 25 peptides, and Table S2 indicates binding energy, RMSD, and location of the N-terminus of 11 modified peptides.
According to a docking study, Z_10.8 (KRAVVSCAEA) showed the strongest binding energy with the ZIKV envelope protein among 11 modified sequences. The binding affinity of Z_10.8 to the ZIKV envelope protein was computed as -7.02 ± 0.15 (mean ± SD) (kcal/mol), representing a significant increase compared to the template sequence (Z_10) (P < 0.001).
In contrast, the binding affinity of Z_10.8 to the DENV envelope was considerably less than that of Z_10 (5.611 ± 0.15, mean ± SD kcal/mol versus -6.222 ± 0.12, mean ± SD kcal/mol, respectively, P < 0.001). The total RMSD average (3.80 Å) for the Z_10.8 peptide against the ZIKV envelope protein was substantially less (below 4 Å) than that of Z_10 (9.97 Å) (P < 0.001). In contrast, the total RMSD average (8.75 Å) for the Z_10.8 peptide against the DENV envelope protein was significantly higher than that of Z_10 (5.81 Å) (P < 0.05). These data indicate that the modulated sequence (Z_10.8) is significantly more sensitive and specific to the ZIKV envelope protein than the template sequence (Z_10) (Figure 3B ). 
Docking studies of different peptides against envelope proteins
Previously, we showed that peptide aptamers rather than antibodies could be used in diagnostic applications [21] . In the current study, peptide specificity was improved by modifying the binding sites in addition to enhancing the binding affinity. To attain this objective, an active conformation of peptides was modeled in the PyMOL molecular graphics system. Structural modifications of Z_10 to Z_10.8 were confirmed by superimposing two peptides ( Figure 4A ). While the shape of Z_10 was close to a linear structure, Z_10.8 showed an L shape after modification. The modeling of each protein is shown with domains I, II, and III, as well as the TM (Figure 4B ). Native structures of the three peptides used in this study are shown in Figure 4C . Figure 4D indicates nine bound conformations superimposed by peptides on each domain of the envelope proteins. As shown, only two spots were predicted as main interactive sites, one of which was involved in the interaction between the native peptide and the antigen. All Z_10.8 modes were involved in one specific spot between domain I and III of the ZIKV envelope protein, which differed from the site of interaction for the native peptide. Six out of nine modes showed an outward N-terminal amine peptide group for the ZIKA envelope protein, representing the highest frequency of all other peptide insertions (Table S2 ). In contrast, the main interaction of this ligand against the DENV envelope antigen was found in the pocket surrounded by all four domains, including the TM, implying that insertion of the TM in the lipid layer interferes with the interaction of peptides with the virus particle.
Unlike Z_10.8, two negative peptides showed two interactive sites rather than one against the ZIKV envelope protein. First, like Z_10.8, most Z_10.2 modes were predicted to bind to domain III and domain I; however, the peptide N-terminal amine groups were placed inward of the ZIKV envelope pocket in seven out of nine modes. All Z_10.2 modes were predicted to recognize the pocket of all domains, including the TM of the DENV envelope protein. Second, three P3 modes (3, 7, and 8) recognized the pocket of domain II and the TM of the ZIKA envelope antigen, and, like Z_10.8, other modes (3, 7, and 8) were predicted to bind to the same spots. Like Z_10.2, all modes of P3 recognized the pocket of domain II and TM of the DENV envelope protein ( Figure 4D ) and showed an inward N-terminal amine of peptide (Table S2) . Therefore, P3 was considered a negative peptide against ZIKV based on a low binding affinity, poor RMSD, inward position of the N-terminal amine group, and interactive sites, including the TM.
A representative docking modeling (mode 1) with all modified peptides and the ZIKV envelope is presented in Figure S2 . To validate the interaction of peptides to analytes (virus and antigen) experimentally, peptides were conjugated with Europium nanoparticles (Eu-NPs) and used for detection of analytes coated on 96-well plates. Peptide Eu NP conjugates were applied to react with analytes. Unbound conjugate was removed via stringent washing, and the interaction of peptides to analytes was determined by measuring fluorescence (355 nm/excitation and 612 nm/emission). (B) Serially diluted recombinant Zika virus (ZIKV) envelope proteins (0.16 to 2.5 μg/mL) were tested with 150 nM peptides. (C) Specificity of peptides was determined via direct FLISA after coating with different viruses at 10 5 tissue culture infective dose (TCID)50/mL. Uninfected: uninfected culture supernatant; RFU: relative fluorescence unit; a.u.: arbitrary unit; DENV: dengue virus; CHIKV: chikungunya virus; * P < 0.05; ** P < 0.01; *** P < 0.001.
Interaction of peptides with virus and antigen
To evaluate the interaction of candidate peptides with antigen and virus, Eu NPs were conjugated with peptides by forming a stable amide bond, and a FLISA was conducted as previously described [21] . The ZIKV envelope protein (amino acid 1-504) was cloned, and the recombinant antigen was produced in an Escherichia coli expression system; this antigen was used to make mAbs, and the reactivity of antibody to virus was confirmed via enzyme-linked immunoassay (ELISA). Cloning details and development of mAbs are presented in Figure S1 . Figure 5A illustrates the FLISA principles schematically. Briefly, black 96-well plates were coated with the ZIKV envelope protein, and virus and Eu NP-conjugated peptides were applied to measure the bound fluorescence. As shown in Figure 5B , Z_10.8 (KRAVVSCAEA), Z10.2 (KRQTVSCAEA), and P3 (KPNDAINDAINF) differentially detected the recombinant ZIKA envelope protein. Z_10.8 reorganized the recombinant ZIKV envelope protein (P < 0.05) more than the other peptides (in the range of 0.16, 0.32, 0.64, 1.25, and 2.5 μg/mL) and was more highly correlated (r 2 : 0.9455) than P3 (r 2 : 0.8881) or Z_10.2 (r 2 : 0.8092). Therefore, Z_10.8 was more reliable and detected the recombinant ZIKV envelope protein better than the other two peptides. There were no significant differences between the Z_10.2 peptide and the target antigen, whereas the Z_10.8 peptide was significantly different from Z_10.2 (P < 0.05), indicating that the Z_10.8 peptide specifically targeted the ZIKA envelope protein more than the Z_10.2 peptide.
The recombinant antigen had more interactive sites with the three peptides than the virus; therefore, all three peptides could easily but differentially access the interactive sites depending on different dockings. P3 interacted with the recombinant antigen more than Z_10.2, indicating that P3 docking energy was higher than that of Z_10.2 (-5.86 ± 0.07 kcal/mol, mean ± SD versus -5.23 ± 0.2 kcal/mol, mean ± SD, respectively, P < 0.001) ( Figure 5B) and may induce stronger interactions with the recombinant antigen.
When the direct FLISA was tested by coating with virus, results indicated that all three peptides (Z_10.2, Z_10.8, and P3) detected ZIKV significantly better than DENV at a titer of 10 5 TCID 50 /mL (P < 0.001). However, Z_10.8 was significantly better at detecting ZIKV than the other two peptides (P < 0.001) ( Figure 5C ). After conjugating two mAbs (1A5 and 1G8) with Eu NPs, a direct FLISA was conducted and compared with a peptide-FLISA. Only the 1A5 mAb had a stronger interaction with ZIKV than Z_10.8 (P < 0.05); however, relative fluorescence units (RFU) associated with 1G8 were not significantly different from those of Z_10.8 against ZIKV, implying that this short peptide may function like an antibody to detect virus.
Performance of the peptide-linked sandwich FLISA
Sandwich assays tend to be more sensitive than direct/indirect ELISAs and are therefore more commonly used [34] . In this study, Z_10.8 was used for both capturing and detection in the sandwich FLISA, which is illustrated schematically in Figure  6A . As is evident from Figure 6B , the K d (defined as the concentration of ligand that will occupy 50% of the receptors [35] ) for the Z_10.8 peptide with ZIKV (10 4 TCID 50 /mL) was 706.0 ± 177.9 nM (mean ± SD). Generally, ligand-receptor binding with a K d of 1 nM or less is considered high affinity binding, whereas ligands with a K d of 1 µM or more have low affinity binding. Thus, the Z_10.8 peptide displayed high affinity for ZIKV but showed no reactivity with DENV at the same virus titer, even when the concentration was increased to 1,500 nM. Further, Z_10.2 and P3 had no reactivity to ZIKV in the sandwich FLISA, indicating that a sandwich FLISA using Z_10.8 was useful as a ZIKV-specific diagnostic method.
At a higher virus titer (10 5 TCID 50 /mL), the fluorescence signals obtained with a pair of Z_10.8 peptides were significantly (P < 0.05) different among ZIKV, DENV, and CHIKV ( Figure 6C) . The difference in detection between ZIKV and DENV was even more pronounced (P < 0.001) when the Z_10.8 (capture) peptide and 1G8 mAb (for detection) pair was used, implying that there are competitive binding sites by ligands when a peptide is used for both capture and detection. In contrast, each pair of Z_10.2-and P3-linked sandwich FLISAs were unreactive to CHIKV, DENV, and ZIKV at high titers. These results were consistent with those of the docking analysis for parameters of binding affinity, RMSD, location of N-terminal amine, and interactive sites. Taken together, these results suggest that the Z_10.8 peptide-linked sandwich FLISA specifically detects the ZIKV, and performance of peptide-linked sandwich FLISA is comparable to a mAb-linked immunoassay.
Analysis of sandwich FLISA using human specimens (serum and urine)
Proteolytic degradation of peptide-based drugs is often considered a major weakness that limits their systemic therapeutic applications [36] . Hence, we determined the analytical sensitivity of the peptidelinked immunoassay. A quantitative diagnostic performance of the Z_10.8-linked sandwich FLISA was tested in the absence of a specimen. As shown in Figure 7A , performance of the assay significantly increased by at least 5×10 4 TCID 50 /mL ZIKV when the virus was diluted in DMEM (P < 0.001). The LOD was determined using the limit of blank (LOB) as previously described [37] . The LOB and LOD formulae were as follows: LOB = mean (blank) + 1.645 (standard deviation (SD) of blank), and LOD = LOB + 1.645 (SD of low concentration sample). The computed values for LOB and LOD are shown in each graph.
The RFU at the LOB and LOD of the Z_10.8-linked sandwich FLISA were 106.86 and 176.70, respectively. The RFU at the LOD was below the RFU (184 ± 43.15, mean ± SD) at 1×10 4 TCID 50 /mL ZIKV in DMEM. Therefore, virus titers corresponding to the LOD were 1×10 4 TCID 50 /mL. The 1A5/1G8 pair detected ZIKV at 5×10 4 TCID 50 /mL (P < 0.05); however, the overall fluorescence value was lower than that of the Z_10.8-linked sandwich FLISA by about 3-fold. When the same antibodies were paired (i.e., 1A5/1A5 or 1G8/1G8), the FLISA had higher background values than when different antibodies were paired ( Figure S3) . The RFU values at the LOB and LOD of a pair for the 1A5 capture/1G8 detector sandwich FLISA were 88.14 and 114.05, respectively. The RFU at the LOD was below the RFU (130 ± 32.25, mean ± SD) at 1×10 4 TCID 50 /mL for ZIKV in DMEM. Therefore, virus titers corresponding to the LOD were 1×10 4 TCID 50 /mL. However, in contrast to the direct FLISA results, Z_10.2-or P3-linked sandwich FLISAs could not detect ZIKV even at a high titer of 1×10 6 TCID 50 /mL. Therefore, we confirmed the Z_10.8-linked sandwich FLISA as having an advantage for ZIKV-specific detection. Although the overall fluorescence signal decreased in the presence of serum, the Z_10.8-linked sandwich FLISA detected ZIKV at the same titer (5×10 4 TCID 50 /mL) (P < 0.001). RFUs at the LOB and LOD of the Z_10.8-linked sandwich FLISA were 114.80 and 118.19, respectively, while the RFU at the virus titer corresponding to the LOD was below that for 1×10 4 TCID 50 /mL ZIKV in serum, indicating that serum did not interfere with the performance of the Z_10.8-linked sandwich FLISA.
In contrast, ZIKV was not detected even at the high titer 1×10 6 TCID 50 /mL in human serum when a mAb pair was used (1A5/1G8), indicating that the presence of serum interfered with the ability of the antibodies to recognize the antigen.
In contrast to serum, urine did not interfere with the performance of peptide-or antibody-linked sandwich FLISAs (P < 0.001). RFUs at the LOB and LOD for the Z_10.8-linked sandwich FLISA measured in urine were 66.52 and 91.48, respectively, which were lower than those observed in DMEM, indicating that urine suppressed the fluorescence signal like serum. However, the LOD for both peptide-and antibody-linked sandwich FLISAs was computed as 1×10 4 TCID 50 /mL ZIKV in urine. These results clearly indicate that the Z_10.8 peptide has an advantage over antibodies when screening human serum samples for ZIKV.
The Zika viral RNA load in patients has been reported as 5.0×10 3 to 8.1×10 6 copies in sera, and 0.7 to 220×10 6 copies in urine [38, 39] . To assume the practical usefulness of peptide-linked sandwich (1:400) was mixed with the virus at a ratio of 10:1, and human urine stock was mixed with different titers of virus at a ratio of 10:1. After mixing, the samples were tested via sandwich FLISA. ** P < 0.01; *** P < 0.001. Arrows indicate the virus titer corresponding to the limit of detection (LOD) titer. RFU: relative fluorescence units.
FLISA for detecting ZIKV in the field, the RNA copy number corresponding to the FLISA LOD was determined (Figure 8) . In this study, new primers and probe were developed and applied to determine the RNA copy number. Information regarding primer and probe binding sites is found in Figure S4 . To generate a calibration curve, serially-diluted RNA standards were used, and a standard curve was drawn to show each standard RNA copy number vs the Ct (Figure 8A ). After preparing three dilutions (5×10 3 , 1×10 4 , and 5×10 4 TCID 50 /mL) of ZIKV, samples (75 μL) were used for RNA extraction. Eluted RNA was used for rRT-PCR with the standard using plasmid dilutions. A standard curve of Ct values plotted against the logarithmic dilutions produced a r 2 value > 0.998, which was close to the optimized protocol. The 1×10 4 TCID 50 /mL of ZIKV corresponded to a Ct value of 15.9 ± 0.21 (mean ± SD) and an RNA copy number of 2.25×10 6 ± 3.6×10 4 /mL ( Figure  8B) . Therefore, peptide-linked sandwich FLISA may be a practical tool for detecting viral load in patient samples.
The analytical sensitivity of peptide-linked sandwich FLISA against proteases
Issues have been raised regarding the analytical sensitivity of peptide therapeutics for systemic use [40] . Therefore, the analytical sensitivity of peptides was tested in the presence of several proteases. A physiological amount of trypsin and matrix metalloproteinases (MMPs) were selected as previously described [41, 42] . ZIKV (5×10 4 TCID 50 /mL) was reacted with MMP-2 (251 pg/mL), MMP-9 (318 pg/mL), and trypsin (248 ng/mL) at 37 ℃ for 1 h (Figure 9) . The effects of treatment with MMP-2 or MMP-9 were not significantly different from those of PBS-treated virus; however, trypsin significantly affected the assay performance (P < 0.05). Therefore, the Z_10-linked assay may be affected by trypsin but not MMPs. ]50/mL) was mixed with matrix metalloproteinase (MMP)2 (251 pg/mL), MMP9 (318 pg/mL), and trypsin (248 ng/mL) and used in the FLISA. * P < 0.05; ** P < 0.01; *** P < 0.001.
Discussion
Currently, there are no licensed vaccines or therapeutics available to combat ZIKV infections; therefore, there has been an urgent call to develop effective and safe vaccines [43] .
Further, complications associated with ZIKV infections are poorly understood, making a timely diagnosis important for patient health and to limit its rapid proliferation [44] [45] [46] . It is critical to develop ZIKV antibodies that can protect against ZIKV infection and that function as a prophylactic or therapeutic element during pregnancy or in the application of vaccines. However, screening methods for ZIKV antigen have rarely been reported, as it is difficult to develop ZIKV-specific antibodies. Recently, novel strategies have been preferably developed as a diagnostic platform for detecting ZIKV infections using a paper-based platform or plasmonic-gold platform [47, 48] .
We sought to develop a detection element against ZIKV that could function as an alternative to antibodies and that provides a new strategy for overcoming the limitations of using antibodies.
As a novel strategy, we used three bioinformatic tools, BCPreds, ABCpred, and Bepipred to select novel template epitope candidate sequences and then modified them to be suitable as diagnostic peptide aptamers. Experimental validation is underdeveloped for peptide aptamers, and our method can help evaluate peptide aptamer performance. Further, the availability of prediction method(s) applying the criteria we established in this study can rapidly aid in simplifying the problem of antibody scarcity. As such, we established a simple experimental method to validate our four docking criteria (binding energy, RMSD, location of N-terminus, and interactive site to avoid the TM).
Interestingly, use of a symmetric pair of peptides to detect ZIKV in a sandwich assay did not interfere with use of the peptide pair for capturing and detection. This is likely attributable to less competition from the short amino acids in the peptide aptamer. The ZIKV surface is arranged with an envelope protein homodimer on the virus surface, and domain III is a good target as a potent neutralizing immune domain [43] . According to the docking study, most Z_10.8 modes were predicted to recognize the stem; however, all modes did not exactly target the same spot, although they appeared to bind the stem ( Figure S5) . Further, the icosahedral symmetry of ZIKV contains 90 envelope proteins packed tightly as homodimers [49, 50] , and short peptide aptamers may have an advantage for recognizing the target site within the binding pocket. Taken together, peptides could cause less interference in an immunoassay than antibodies when used for capture and detection in sandwich assays, giving an advantage to the development of a diagnostic system. Generally, substances that alter the measurable concentration of an analyte or alter antibody binding can potentially result in immunoassay interference. Interfering substances are natural, polyreactive antibodies or autoantibodies (heterophiles) or human anti-animal antibodies together with other unsuspected binding proteins that lead to interference with the reaction between analyte and reagent antibodies in an immunoassay [51] . We noticed that human serum interfered with the antigen-antibody interaction; however, less interference was observed when using peptides than when using antibodies. This may be attributable to the relatively bulky volume of antibodies with high molecular weights (150 kDa), which hinders access to the same epitope of antigen for other antibodies. In contrast, peptides are about 1 kDa in size; thus, the small peptide size would be beneficial as a diagnostic element, causing less hindrance toward access to the target site.
Serum contains many substances that may interfere with antibody-antigen interactions. To prove that serum interferes with the antibody-antigen interaction, we tested human serum differentially diluted from 1:400 to 1:3200 ( Figure S6) ; background fluorescence responded to serum dilutions. Finally, when we diluted serum 1:3200, the LOD returned to 1×10 4 TCID 50 /mL, implicating that peptides may be more useful elements for detecting antigens in the serum than antibodies. In our study, the analytical sensitivity of the peptide-linked immunoassay in the presence of sera and urine was confirmed. In the presence of sera (1:400) for 1 h, the peptide-linked sandwich FLISA was able to detect virus antigen, indicating that peptide aptamers have an advantage for overcoming the limitations of DNA aptamers in clinical applications. In addition, the analytical sensitivity of peptides in the 1 h specific protease treatment was confirmed directly using several proteases. While treatment with MMP-2 or MMP-9 resulted in no significant differences from PBS-treated virus, trypsin significantly affected the assay performance (P < 0.05). However, human serum contains protease and protease inhibitors [52] , and trypsin activity may be controlled in serum, giving less influence to peptide activity.
Computational design-derived peptides provide new hope toward completely replacing antibodies in immunoassays, shortening the time to develop a detection element. This approach should be complemented by applying clinically infected sera and urine in the future. Although the presence of ZIKV antigen has not yet been defined in urine, we cannot rule out the possibility of ZIKV antigen in urine, as renal glomeruli serve as an amplification reservoir for ZIKV in the renal compartment [53, 54] . This methodology for developing peptide pair-linked sandwich FLISAs may be useful for diagnosing ZIKV infections in human sera and urine.
FLISAs using fluorescent material are superior to ELISAs; however, there are still disadvantages, as this technology still needs to conjugate peptides to fluorescent material. Peptides can be conjugated to common horseradish peroxidase similar to antibodies [55, 56] ; therefore, we believe that peptides could be applied to mainstream uses in a manner similar to that of ELISAs. Thus, peptides can be easily transitioned to an ELISA platform. Further, peptides can be used in immunochromatographic tests (ICT) as a rapid diagnostic system. To succeed in rapid ICT, biotinylated peptides can be further coated with streptavidin.
The limitation of a small number of modified peptide sequences used in this study will be addressed by analyzing more sequences in the future, which is expected to provide greater significance. Further, a current limitation of using DNA aptamers is the lack of high quality options for clinical samples [57] . A DNA aptamer-based ELISA assay has been reported to detect 1 ng/mL in 10% serum; however, it was not a complete antibody-free assay [17] .
In summary, we developed a benchmark computational protocol for designing peptide aptamers via docking studies. RMSD, binding energy, location of N-terminus of amine, and considering non-TM domains as interactive sites can be useful parameters when designing peptide aptamers for ZIKV.
Abbreviations
BSA:
bovine serum albumin; CHIKV: chikungunya virus; DENV: dengue virus; EDC: N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride; Eu NP: europium nanoparticle; FLISA: fluorescence-linked immunosorbent assay; K d : equilibrium dissociation constant; LOB: limit of blank; LOD: limit of detection; MES: 2-(N-morpholino)ethanesulfonic acid buffer; NAT: nucleic acid testing; NHS: N-hydroxysulfosuccinimide sodium salt; PPI: peptide-peptide interaction; RMSD: root-mean-square deviations; TCID 50 : 50% tissue culture infective dose; ZIKV: Zika virus.
